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(57) ABSTRACT 

Ultrasonic sensors can be integrated and used to monitor 
composites throughout their production and during their 
useful lifetime. In an integrated program, ultrasonic sensors, 
in the illustrated embodiment contact sensors, can be used 
for quality control on raW rubber used for making a com 
posite and for monitoring the cure of the rubber as it is 
transformed into a useful product, and non-contact sensors 
can be used to evaluate the product When it is completed, and 
to monitor its aging and Wear during use. Such sensors can 
also be used in research to evaluate potential raW materials, 
and to compare cured candidate materials for properties 

(22) Filed: Dec. 21, 2001 useful in acompleted product. 
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METHOD FOR ULTRASONIC MONITORING AND 
EVALUATING OF COMPOSITES 

FIELD OF THE INVENTION 

[0001] The invention relates to a method and apparatus for 
monitoring the production of products Wherein a chemical 
transformation takes place during production, as Well as 
monitoring quality control, Wear, and other physical prop 
erties. 

BACKGROUND OF THE INVENTION 

[0002] Ultrasonic sensors, and particularly PieZo Electric 
sensors are used extensively in industry as Warning devices, 
for eXample as a proximity sensor to detect When someone 
is getting too close to machinery, and as pressure sensing 
devices for mapping the contact pressure pro?le betWeen 
tWo objects, such as Tekscan ultrasonic sensors. Character 
istics of ultrasonic sensors are Well recogniZed by those 
skilled in the art. 

[0003] Ultrasonic sensors may comprise contact sensors, 
such as a shear Wave transducer, or non-contact sensors, 
such as longitudinal Wave transducers. In the prior art, When 
it is considered that ultrasonic sensing is needed, it has been 
the practice that those skilled in the art determine the kind 
of sensor that Would give them the best results, and then use 
the sensor for that one, speci?c purpose. 

SUMMARY OF THE INVENTION 

[0004] A method for monitoring the state of a rubber used 
to make a rubber or rubber composite product at all stages 
of development comprises the steps of: (a) using an ultra 
sonic sensor comprising a shear Wave transducer, using a 
frequency of 500 kHZ to 20 MHZ to monitor uncured rubber 
compound for deviation from a standard; (b) using said 
shear Wave transducer having a frequency of 500 kHZ to 20 
MHZ to monitor the state of cure the rubber in a shaped 
rubber product or rubber composite; and (c) using a longi 
tudinal Wave ultrasonic sensor having a frequency of 500 
kHZ to 20 MHZ to measure the properties of cured rubber in 
a rubber product or rubber composite. 

[0005] The method may comprise measuring viscoelastic 
response of a cured rubber or rubber composite at more 
limited frequencies such as 500 kHZ to 5 MHZ. 

[0006] The method may comprise the step of monitoring 
?aW development in a composite. 

[0007] In a further aspect of the invention, an apparatus for 
monitoring the condition of a rubber or a rubber composite 
comprises: (a) a contact ultrasonic sensor having a fre 
quency of 500 kHZ to 20 MHZ to monitor uncured rubber 
compound for deviation from a standard; (b) a contact 
ultrasonic sensor having a frequency of 500 kHZ to 20 MHZ 
to monitor the state of cure of rubber in a shaped rubber 
product or rubber composite; and (c) an air coupled ultra 
sonic sensor having a frequency of 500 kHZ to 20 MHZ to 
measure the properties of cured rubber in a rubber product 
or rubber composite. 

[0008] In an illustrated embodiment of the apparatus, an 
air medium is used for the longitudinal Wave transducer. 

[0009] In an illustrated embodiment, the signals of the 
ultrasonic sensors have a 1 MHZ central frequency. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The invention Will be described by Way of eXample 
and With reference to the accompanying draWings in Which: 

[0011] FIG. 1 shoWs a graphical comparison betWeen a 
longitudinal attenuation coef?cient and AIR. 

[0012] FIG. 2 shoWs a graphical comparison betWeen 
subjective Wet handling and AIR. 

[0013] FIG. 3 shoWs a graphical comparison of traction 
trailer data and ultrasonic data on a tread compound. 

[0014] FIG. 4 shoWs a graphical comparison betWeen 
Wear rating and AIR. 

[0015] FIG. 5 shoWs a graphical comparison of snoW 
traction ratings and AIR. 

[0016] FIG. 6 illustrates the attenuation of an ultrasonic 
Wave in a medium. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0017] In the development of the present invention, the 
inventors theoriZed that if the proper ultrasonic sensors are 
chosen, and are optimiZed for each speci?c step in the 
production of a product, or the stage in the life of a product, 
ultrasonic sensors could be used in a comprehensive Way to 
monitor the development of a product during manufacture, 
and to provide quality control for the completed product, in 
addition to providing a means to monitor the changing 
physical properties of the product during use, such as Wear 
and aging. 

[0018] Although the present invention is illustrated With 
reference to rubber products, those skilled in the art Will 
recogniZe that the invention can be used With any solid 
product that undergoes a physical, chemical, or geometric 
change during its manufacture. In addition, certain parts of 
the invention can be used independently on other types of 
products, for eXample, for testing the roughness of a ?nished 
object surface, such as sandpaper. 

[0019] In an illustrated embodiment of the invention, a 
shear Wave transducer (a contact sensor) is used to monitor 
green rubber that is used in a manufacturing process. 
Although, in the prior art, shear Wave transducers ordinarily 
are used With bursts of ultrasonic energy, providing a 
response Which can be measured, the shear Wave transducer 
in the present invention is used by applying a chirp (a burst 
of ultra sound comprised of continuously varying frequency) 
to a sample of green rubber being tested, and the attenuation 
of the signal Within the sample is measured (see FIG. 6). It 
has been found according to the present invention, that the 
rate of attenuation and the difference in the level of the 
attenuation of a signal in a rubber sample can provide a 
measure of the crosslink density of the rubber as Well as the 
molecular Weight of the polymers in the rubber. 

[0020] Although it is believed that in other embodiments 
enough information may be provided by ultrasonic sensors 
to provide qualitative (spectral) information about materials 
and composites made from the materials, in the present 
invention the transducers are used as a quantitative tool. 
That is, a ?ngerprint of optimiZed raW material, treated in an 
optimiZed manufacturing process to produce an optimiZed 
product is provided, and the ?ngerprint of subsequent prod 
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uct made using the manufacturing process is compared With 
the established ?ngerprint for assurances that a quality goal 
is met. 

[0021] Similarly, for example, When testing experimental 
compounds, a ?ngerprint of the experimental compounds 
can be compared With an established ?ngerprint for high 
traction compounds, high treadWear compounds, and high 
crosslink density compounds, in order to characteriZe the 
experimental compounds. 

[0022] In the method of the invention, a shear Wave 
transducer is used to test green rubber that is provided for the 
manufacture of a product to assure the quality of the raW 
materials. In addition, a shear Wave transducer can be used 
to monitor the state of cure of the rubber as the manufac 
turing process progresses. 

[0023] The shear Wave transducer is self-contained and is 
isolated from a sample being tested by a thin membrane or 
coating of material. To provide good contact betWeen the 
transducer and the sample, a layer of coupling materials, 
such as honey, glycerin or other material is disposed 
betWeen the transducer and the sample to provide contrast 
matching. By “coupling material” it is meant a material that 
does not signi?cantly disrupt or hinder the signal at the 
interface betWeen the sample and the transducer. Although 
the materials mentioned for illustration are relatively viscous 
materials, other less viscous materials may be used in 
appropriate circumstances. 

[0024] Although, in the future, it may be possible to 
monitor the cure of a product directly, in the illustrated 
embodiment, plugs of sample material are cured With a 
product, and different plugs of material are removed and 
quenched during different stages of the cure. The sample 
plugs must be ?at With parallel top and bottom sides and 
have a thickness of 2 mm to 8 mm, Where the optimal 
thickness appears to be about 5 mm. When the sample is too 
thin, the attenuation peaks 10, 12, 14 (FIG. 6) overlap, and 
When the samples are too thick, the attenuation is so great 
that the peaks have a tendency to disappear. In the illustrated 
embodiment, the samples are small cylinders of material 
having the thickness previously indicated. 

[0025] The state of the cure of the sample is indicated by 
the rate of attenuation of a single chirp of sound in the 500 
kHZ to 20 MHZ range, as Well as the level of attenuation. 

[0026] The rate of attenuation is measured by the slope 16 
(FIG. 6) obtained by comparing the ultrasonic energy trans 
mitted in the ?rst peak With the second and subsequent peaks 
of the signal obtained from the sample. 

[0027] When an ultrasonic signal pulse is applied to a 
sample, a certain amount of the signal passes through the 
sample in a ?rst Wave, and a certain part of the signal is 
bounced off the opposing surface back into the sample. 
When the remaining signal bounces off the opposite surface 
of the sample and back to the transducer, the amplitude of 
the signal is reduced since a portion of its energy has already 
been released through the ?rst Wave. Often there are four or 
?ve such measurable Waves. 

[0028] The level of attenuation refers basically to the 
decrease in level or height of the peaks as a function of the 
thickness traversed by the ultrasonic energy. If there are four 
measurable Waves in one signal and ?ve measurable Waves 
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in a signal for a different sample, this can also be an 
indication of a different level of attenuation. 

[0029] For its use on rubber products, it is preferred that 
the ultrasonic signal be provided in the frequency range of 
500 kHZ to 10 MHZ, and in the illustrated embodiment the 
inventors have used a signal of 500 kHZ to 3 MHZ, Where the 
center of the signal (i.e. the most ef?cient part) appears to be 
about 1 MHZ. 

[0030] The higher frequency limitations, eg 20 MHZ 
have application in harder materials such as hard cured 
rubbers and rigid plastics. 

[0031] After the cure is complete, the ?nal product can 
further be tested using non-contact ultrasonic sensors such 
as longitudinal Wave transducers. In the prior art, longitu 
dinal Wave transducers have been used to characteriZe 
materials using immersion techniques, ie a rubber sample 
is immersed in alcohol or Water and the ultrasonic charac 
teristics of the material are measured Within such medium. 
In the present invention, it has been found that air can be 
used as a medium When proper alloWances are made for 
humidity and temperature, When a chirp ultrasonic signal is 
used. It is believed, based on the information obtained using 
an air medium, that other gaseous media may be used When 
speci?c conditions are needed. For example, N2 or another 
inert gas may be used if anaerobic conditions are required. 
Other suitable media Will be apparent to those skilled in the 
art based on the information provided herein. 

[0032] In accordance With the present invention, it has 
been found that there exist correlations betWeen amplitude 
of attenuation and the rate of attenuation, and the traction, 
treadWear and crosslink density of cured rubber compounds. 

[0033] It is also been found, since the signal depends to a 
large extent on the surface of the sample, that the scattering 
of the signal on rough samples can be used as a gauge of the 
roughness of a material. For example, once the signal for grit 
sandpaper is knoWn, such a signal can be used as quality 
control in producing or manufacturing 40 grit sandpaper. 

[0034] As the invention is applied particularly to rubber 
products, the invention can be used to measure the rough 
ness of a tread surface, to measure ?rst, hoW the roughness 
of the tread of a neW tire affects traction, and second, as a 
measure of hoW the tire Wears, ie the change in roughness 
of the surface during the life of a tire can be gauged. 

[0035] When used for measuring the roughness of a sur 
face, it is believed that the smallest beam that can be used 
to obtain meaningful results When measuring the roughness 
of a tread rubber is about 1 mm. In an illustrated embodi 
ment a 6 mm beam has been used, Which provides a 
resolution nominally of about 3 mm in a tread rubber. 

[0036] Although a beam of ultrasonic energy is sometimes 
initiated in a tube having a speci?c diameter, for the pur 
poses of measuring roughness, beam siZe refers to Wave 
length, ie the distance betWeen the sound Waves in the 
beam. What this means is that, in an asperity in the tread, if 
a loW spot or high spot varies from the average surface of the 
tread by 2 mm When resolution on a signal is 3 mm, the 
asperity Will not be detected. 

[0037] The apparatus of the invention has also been used 
to ?nd areas of delamination in a composite product, i.e. 
regions in the product Where the various layers have not 
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bonded properly or completely or have debonded. Not only 
is it possible to ?nd a delamination by attenuation that 
indicates an air bubble, it is also possible to locate the 
position of the air bubble. This is done by obtaining ultra 
sonic signals from both sides of the product. In a tire, a 
signal may be initiated in a tread or in the innerliner. Because 
the signal is attenuated differently When an air bubble is 1/2 
inch from the surface and When it is 1 inch from the surface, 
a comparison of the tWo signals makes it possible to locate 
the position of the delamination precisely. 

[0038] The invention is further illustrated With reference 
to the folloWing example. 

EXAMPLE 1 

[0039] The object of this Example is to determine the 
correlation betWeen high frequency ultrasonic attenuation 
and tire performance data obtained in passenger tire tread 
compound studies. 

[0040] Previous testing by Goodyear indicated that ultra 
sonic attenuation correlates Well With such tire performance 
variables as Wet and snoW traction, and as such may have 
some utility as a predictive tool. After the installation and 
testing of a NCA1000 non-contact ultrasonic tester from 
SecondWave Systems, Boalsburg, Pa. Was completed, the 
ultrasonic attenuation of 36 test tread compounds Was mea 
sured. All the measurements Were performed at room tem 
perature, in transmission mode, at a frequency of 1.85 MHZ. 
The difference in the integrated response betWeen the ?rst 
and second transmitted peaks Was determined. The differ 
ential integrated response (AIR) (also knoWn as “the change 
in Integrated Response signal 11) Was then compared to 
various previously obtained tire testing results. 

[0041] Good correlations betWeen ultrasonic attenuation 
at 1.85 MHZ and tire performance data on Wet handling, 
20,000 mile Wear, and snoW traction Were obtained With 
correlation coef?cients (R2) ranging from 0.68 to 0.74. 

[0042] There are currently only a feW measured compound 
properties Which adequately and repeatably predict tire 
performance such as Wet and snoW traction. The dif?culty in 
?nding such properties Was illustrated When Goodyear 
attempted to correlate the loW-temperature shear modulus 
(—20° C. and 1% strain at 10 HZ) With snoW traction. The 
resulting R2 of the ?t of the data obtained Was relatively loW 
(0.44), indicating that very little of the data is eXplained by 
the ?t. Additionally, the uncertainty in the slope of the ?t Was 
nearly 50%. 

[0043] Previous testing has shoWn that ultrasonic attenu 
ation of tread compounds correlates Well With Wet traction. 
It has been suggested that the Wet skid resistance of a tire 
(i.e. Wet traction) is the result of dynamic mechanical losses 
at high frequencies (~103-106 HZ) (G Heinrich, N Renner, 
and H Dummler, Kautsch. Gummi Kunstat. 49, 32, 1996). 

[0044] These frequencies can increase by as much as three 
orders of magnitude When ABS systems are involved (Yu, B 
Chernak, and AI Leonov, Wear 108, 105, 1986). Rather than 
measuring material properties at loW temperature and invok 
ing William-Landel-Ferry (WLF) time-temperature super 
position, it Would be desirable to directly measure the loss 
properties of rubber compounds at high frequency. 

[0045] One purpose of the present eXample Was to mea 
sure the ultrasonic attenuation of tread compounds With a 
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NCA1000 non-contact ultrasonic tester, and compare the 
results With previous data obtained via an immersion (ultra 
sonic) technique, and to also verify the correlations that Were 
previously observed. The non-contact ultrasonic instrument 
typically reports AIR, ie “the change in the integrated 
response” as a function of distance traveled through a single 
specimen. While not strictly an attenuation coefficient, it is 
a measure of the ultrasonic attenuation, assessed over a 
broad frequency spectrum. 

RESULTS 

[0046] FIG. 1 shoWs the comparison betWeen the (Good 
year-measured) non-contact AIR and the longitudinal attenu 
ation coef?cient obtained previously by the immersion tech 
nique. 
[0047] With an R2 of 0.86, the data compare quite Well. It 
should be noted that the immersion data Was obtained on 
many samples of varying thickness, so the degree of cure 
may not be constant from sample to sample, Whereas the 
non-contact data Were obtained from a single sample. These 
differences may contribute to some of the observed scatter. 
Based on the observed correlation, one Would eXpect that 
since the ultrasonic immersion data correlated Well With Wet 
and snoW traction, the non-contact ultrasonic data should 
correlate as Well. 

[0048] FIG. 2 shoWs the subjective Wet handling ratings 
(steering response) from the same compounds as a function 
of AIR. 

[0049] Similar results have been obtained for other cat 
egories of subjective Wet handling as Well. Table 1 lists the 
categories and the associated R2 When ?t, as a function of 
AIR, ranked from high R2 to loW R2. 

TABLE 1 

Subjective Wet handling categories and the associated R2 
When ?t as afunction of AIR. 

Subjective Wet Handling R2 

Steering Response 0.73 
Off-Throttle Under-steer 0.73 
Lateral Grip 0.70 
Calculated Rating 0.70 
Braking Traction 0.69 
PoWer On Under-steer 0.68 
Acceleration Traction 0.67 
Average Lap Time 0.28 
Lateral Hydroplaning 0.10 
Traction Transition 0.09 
Off-Throttle Over-steer 0.07 
Over-steer 0.06 
Straight Line Hydroplaning 0 

[0050] Was noted that for the categories With particularly 
loW R2 values, the total variation in the testing results Was 
usually around 1 rating unit, implying that these tread 
compounds (or the choice of tread pattern) had little or no 
effect on, for eXample, lateral hydroplaning. 

[0051] Attempts Were also made to correlate the ultrasonic 
attenuation to subjective dry handling and trailer traction 
data. 

[0052] The ultrasonic attenuation measured on the 
NCA1000 Was compared With traction trailer data under Wet 
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conditions. FIG. 3 shows the comparison between traction 
trailer data (20 mph peak on Macadam) and subjective Wet 
handling (braking response). 
[0053] In addition to good correlations betWeen some of 
the subjective Wet handling categories and the ultrasonic 
attenuation, We have also observed good correlations 
betWeen the ultrasonic attenuation and 20,000 mile Wear 
testing With the highest R2 being 0.71 (for the rear all groove 
average). FIG. 4 shoWs this data graphically. 

[0054] It Was observed that an exponential decay provides 
a better ?t to the data (R2=0.79), although the reason is not 
understood at this time. Table 2 lists the treadWear results. 

TABLE 2 

20,000 mile Wear categories and the associated R2 
When ?t as a function of AIR. 

20,000 Mile Wear R2 

Fast Wearing Groove — Front 0.48 

Fast Wearing Groove — Rear 0.62 

Average Grooves — Front 0.57 

Average Grooves — Rear 0.71 

[0055] There appears to be a better trend With the higher 
R2 values associated With the rear tires. It Would seem that 
this may be a result of the fact that front tires generally see 
higher severity than the rear tires, resulting in a different 
Wear mechanism (i.e. high strain versus loW strain). Since 
the ultrasonic testing is a very loW-strain measurement, We 
may not eXpect much correlation to a high strain mechanism. 

[0056] Finally, the non-contact ultrasonic attenuation and 
snoW traction data Were compared and are shoWn in FIG. 5. 

[02057] It has been suggested that the maXimum possible 
R for this snoW traction data is 0.78 due to the inherent 
variation in the testing. On this premise, it appears that the 
ultrasonic attenuation has great potential to assist in the 
prediction of snoW traction. It should be noted that the 
particular tire performance data shoWn above Were not 
chosen at random. In order to obtain some direction, all of 
the data Were examined using scatter plot matrices to 
determine the most suitable candidates for more in-depth 
study. 

[0058] Some relatively good correlations betWeen the 
non-contact ultrasonic attenuation and tire performance 
eXist, particularly ultrasonic attenuation at 1.85 MHZ for 
such tire performance as Wet handling, 20,000 mile Wear, 
and snoW traction With R2 ranging from 0.68 to 0.74. These 
correlations indicate potential for using ultrasonic attenua 
tion as a predictive tool. 
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[0059] While certain representative embodiments and 
details have been shoWn for the purpose of illustrating the 
subject invention, it Will be apparent to those skilled in this 
art that various changes and modi?cations can be made 
therein Without departing from the scope of the subject 
invention. 

What is claimed is: 
1. A method for monitoring the state of a rubber used to 

make a rubber or rubber composite product at all stages of 
development comprising the steps of: 

(a) using an ultrasonic sensor comprising a shear Wave 
transducer, using a frequency of 500 kHZ to 20 MHZ to 
monitor uncured rubber compound for deviation from 
a standard; 

(b) using said shear Wave transducer having a frequency 
of 500 kHZ to 20 MHZ to monitor the state of cure the 
rubber in a shaped rubber product or rubber composite; 
and 

(c) using a longitudinal Wave ultrasonic sensor having a 
frequency of 500 kHZ to 20 MHZ to measure the 
properties of cured rubber in a rubber product or rubber 
composite. 

2. The method of claim 1 Wherein step (c) may comprise 
the further step of measuring viscoelastic response of a 
cured rubber or rubber composite at frequencies of 500 kHZ 
to 5 MHZ. 

3. The method of claim 1 Wherein step (c) comprises the 
further step of monitoring ?aW development in a composite. 

4. Apparatus for monitoring the condition of a rubber or 
a rubber composite comprising: 

(a) a contact ultrasonic sensor having a frequency of 500 
kHZ to 20 MHZ to monitor uncured rubber compound 
for deviation from a standard; 

(b) a contact ultrasonic sensor having a frequency of 500 
kHZ to 20 MHZ to monitor the state of cure of rubber 
in a shaped rubber product or rubber composite; and 

(c) an air coupled ultrasonic sensor having a frequency of 
500 kHZ to 20 MHZ to measure the properties of cured 
rubber in a rubber product or rubber composite. 

5. The apparatus of claim 4, in Which an air medium is 
used for the longitudinal Wave transducer. 

6. The apparatus of claim 1 Wherein the signal of the 
ultrasonic sensors have a 1 MHZ central frequency. 

7. The apparatus of claim 1 Wherein the signal has a 
frequency of 500 kHZ to 10 MHZ. 

8. The apparatus of claim 1 Wherein the signal has a 
frequency of 500 kHZ to 3 MHZ. 


